In this paper, we propose and evaluate a robust design optimization (RDO) algorithm for the shape of a brushless DC (BLDC) motor used in an electric oil pump (EOP). The components of the EOP system and the control block diagram for driving the BLDC motor are described. Although the conventional deterministic design optimization (DDO) method derives an appropriate combination of design goals and target performance, DDO does not allow free searching of the entire design space because it is confined to preset experimental combinations of parameter levels. To solve this problem, we propose an efficient RDO method that improves the torque characteristics of BLDC motors by considering design variable uncertainties. The dimensions of the stator and the rotor were selected as the design variables for the optimal design and a penalty function was applied to address the disadvantages of the conventional Taguchi method. The optimal design results obtained through the proposed RDO algorithm were confirmed by finite element analysis, and the improvement in torque and output performance was confirmed through experimental dynamometer tests of a BLDC motor fabricated according to the optimization results.
Introduction
A hybrid vehicle combines two or more different power sources to obtain a driving force. In most cases, the power sources are an internal combustion engine that uses fuel and an electric motor driven by battery power. Hybrid vehicles drastically reduce fuel consumption and harmful gas emissions compared to conventional vehicles. In recent years, research on hybrid vehicles has been actively pursued in response to the demand for improved fuel efficiency and more environmentally friendly products [1] [2] [3] [4] [5] .
The oil pump is an actuator between the engine and the electric motor and supplies the hydraulic fluid necessary for the transmission [6, 7] . However, conventional oil pumps fail to deliver the required flow rate under operating conditions, thereby decreasing the vehicle's fuel efficiency [8] . To address this problem, an electric oil pump (EOP) has been developed that can supply a suitable flow rate under operating conditions [9, 10] . Hybrid vehicles with conventional internal combustion engines use a mechanical oil pump to improve fuel economy and an EOP as an auxiliary; the EOP operates only when the mechanical oil pump stops, when the vehicle stops or travels at low speed, or when the transmission fluid flow is insufficient in the electric-vehicle mode. Thus, the EOP reduces mechanical power loss by operating only when the transmission requires oil pressure [11, 12] . The EOP supplies the required flow rate to the engine clutch and the transmission by variably controlling the rotational speed of the EOP's drive motor according to the driving state of the vehicle and operator [13] . In addition to the oil pump installed inside the transmission, the hybrid vehicle also has an external oil pump attached to the outside of the transmission to supply sufficient operating fluid to the engine clutch [14] . The EOP is controlled by a brushless DC (BLDC) motor in low-and high-speed modes in consideration of system efficiency and operation responsiveness according to the driving state of the vehicle and driver [15] .
Recently, as competition in the international industrial market has become more intense, new design methods are required to satisfy increasingly stringent product performance and quality requirements [16] . In the conventional motor design process, deterministic design optimization (DDO) methods have been used to optimize design, assuming constant design variable values to maximize performance [17] . However, all motors exhibit inherent uncertainties in their material properties, manufacturing tolerances, and operating conditions. Conventional design techniques consider product uncertainties by implementing safety factors based on design experience [18] . However, these safety factors do not accurately quantify the limitations and uncertainties, and insufficient safety factor estimates can degrade motor performance and service life, whereas excessive safety factors increase production costs. Therefore, a robust design optimization (RDO) technique that can systematically consider stochastic uncertainties is required [19] . In RDO, unlike conventional design methods, design variables are defined as randomly distributed according to specific dispersion characteristics centered on mean values, and the relative probabilities are considered [20] . RDO approaches have double-loop optimization structures in which the probabilistic constraint added to the conventional optimal design process is optimized separately from the objective function. Therefore, RDO approaches, such as the Monte Carlo and worst-case simulations that have recently been applied to this problem, significantly increase the design time and computational costs, compared with the conventional optimal design method [21] [22] [23] . To address these problems, the Taguchi method has been proposed, whereby the main design factors influencing the product characteristics are selected and the optimal design combination is obtained with a minimum number of experiments. However, the Taguchi method the preset level values in the design space are limited to the available experimental combinations, and unrestricted searches of the entire design space are thus not permitted [24, 25] . In addition, various constraints related to motor performance cannot be easily investigated in the given design time.
In this paper, with the objective of refining the Taguchi method to develop an evaluation technique that offers excellent convergence stability and calculation efficiency, we introduce an optimal level search method that incorporates the inequality constraint by adding a corresponding penalty function to the loss function. The optimal level search method guarantees the free movement of repeated design points in the design space by automatically adjusting the intervals of the set design parameter levels to identify successive experimental combinations. To verify feasibility, the proposed RDO method was applied to the design of a 150 W BLDC motor with an EOP, and the method's performance was compared with conventional DDO results obtained using finite element analysis. Finally, prototype BLDC motors were fabricated and dynamometer tests were performed to confirm the suitability of the proposed RDO in a practical application.
EOP System and BLDC Motor

EOP System
Conventional oil pumps are driven by the driving force of the engine, which causes power loss from the engine. As the number of engine revolutions increases, the oil flow rate increases more than necessary. Therefore, unnecessary power consumption occurs, and the engine output and fuel efficiency are reduced. To solve this problem, a (motor-driven) EOP that is mechanically independent of the engine speed has been developed. EOPs provide the fluid pressure and flow rate required for the transmission and are especially useful in vehicles equipped with the "Idle Stop & Go" system function, where the EOPs reduce the shift shock that can occur with the automatic transmission because of Energies 2019, 12, 153 3 of 14 lack of flow after stopping or starting the vehicle, thereby improving fuel economy and reducing exhaust gas. The EOP system consists of a motor, a motor driver, and a pump assembly for generating hydraulic fluid, as shown in Figure 1 . The motor is a three-phase BLDC motor with a Hall sensor, and the motor driver uses a three-phase full bridge circuit consisting of an N-channel metal-oxide field-effect transistor (MOSFET). The motor driver controls the hydraulic pressure of the transmission to maintain suitable low-speed, reverse, or stop conditions.
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where D r is the diameter of the rotor, T is the maximum torque of the BLDC motor and L stack is the stack length. Figure 4 summarizes the RDO concept. If there is a design variable that varies with any distribution of the other system design variables, the response of the system to the first design variable should also appear as a distribution rather than as a single value. In such cases, RDO is executed to narrow the variation range of the objective function with respect to the variation of the design variables, applying constraints to ensure that the optimal design point is feasible. initial design was established to satisfy the given specifications. The current density of the stator windings was designed to be less than 6 Arms/mm 2 at maximum speed. In this study, a previously reported torque per unit rotor volume (TRV) was used to establish the dimensions of the rotor [26] . The rotor diameter can be estimated using maximum torque, TRV, and stack length (rotor and stator axial length) and can be expressed as
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where Dr is the diameter of the rotor, T is the maximum torque of the BLDC motor and Lstack is the stack length. Figure 4 summarizes the RDO concept. If there is a design variable that varies with any distribution of the other system design variables, the response of the system to the first design variable should also appear as a distribution rather than as a single value. In such cases, RDO is executed to narrow the variation range of the objective function with respect to the variation of the design variables, applying constraints to ensure that the optimal design point is feasible. RDO thus minimizes a specific objective function at a set constraint. In this paper, the Taguchi method is modified as follows to enhance efficiency. In the Taguchi method, the loss that occurs as the product performance moves away from the target value is expressed as a loss function, defined based on the signal-to-noise ratio (SNR) to target a specific value, a maximum value, or a minimum value [27, 28] . In this study, we use the loss function shown in Equation (2), which targets a minimum but non-negative value. RDO thus minimizes a specific objective function at a set constraint. In this paper, the Taguchi method is modified as follows to enhance efficiency. In the Taguchi method, the loss that occurs as the product performance moves away from the target value is expressed as a loss function, defined based on the signal-to-noise ratio (SNR) to target a specific value, a maximum value, or a Energies 2019, 12, 153 6 of 14 minimum value [27, 28] . In this study, we use the loss function shown in Equation (2), which targets a minimum but non-negative value.
Methods
RDO Process
Here, y i is the performance value of the performance function h derived from the ith experimental combination, and n is the total number of experimental combinations.
The conventional Taguchi method derives the optimal combination of experiments using the SNR only for the specific target performance of the design object. However, a general RDO must consider multiple targets simultaneously, as well as other performance-related constraints, and we therefore introduce a penalty function that is added to the performance value y i for the performance function h, as in Equation (3), to account for the constraints. That is, the penalty function increases in value according to the degree of violation of the constraint condition.
Here, the performance value derived from the re-defined experimental combination includes the penalty function: W p is the weight of the penalty function, and P(X) is the penalty function considering the constraint. The definition of the penalty function used in this paper is expressed as Equation (4).
where C is a constraint. If all constraints are satisfied, the penalty function value becomes zero. However, if the constraint condition is violated, the square of the constraint condition value is applied to the penalty function.
To find the optimal solution by continuously searching the designated design space using the Taguchi method, the level of each design factor used to construct each experimental combination should be automatically changed. That is, when the design point moves in response to the optimal combination result derived from the current experimental combination, a new combination of experiments is constructed at the new design point. At this time, if a new level value is determined for each design factor, a more advanced design point search is possible. In this study, three design factor levels were defined: the interval between levels 1 and 2, ∆ 1 , and the interval between levels 2 and 3, ∆ 2 . The values of the current levels 1, 2, and 3 were set as X 1prev , X 2prev , and X 3prev , respectively. The new level values (X 1 , X 2 , X 3 ) for the subsequent experiment combination were then defined as shown in Table 2 according to the optimal level value derived from the current experimental combination. 
Items Description
Case #1 When X 1 is determined as the optimal level
Case #2 When X 2 is determined as the optimal level
When X 3 is determined as the optimal level The iterative design process of the proposed Taguchi method modification is as follows.
(1) Define noise factors caused by control factors and design variable uncertainties. To verify the feasibility of the proposed RDO, the method was applied to the BLDC motor described in Table 1 , which drives an EOP with a rated output of 150 W, rated torque of 0.358 Nm, and rated speed of 4000 rpm. In BLDC motors, cogging torque is generated by a permanent magnet, flux barrier, and stator slot structure, which causes vibration and noise. Therefore, in this study, to minimize the cogging torque of the conceptually designed motor, five major design variables were set as shown in Figure 6 . The iterative design process of the proposed Taguchi method modification is as follows. table and perform experiments. (3) Calculate the SNR to which the penalty function is added considering the constraint condition. (4) Determine the optimal experimental combination based on the design factor levels estimated through analysis of variance. (5) If the SNR does not converge to the set value, repeat steps (2) through (4) using the new levels identified in the optimal level search. (6) When the SNR converges to the set value, the design process is complete.
To verify the feasibility of the proposed RDO, the method was applied to the BLDC motor described in Table 1 , which drives an EOP with a rated output of 150 W, rated torque of 0.358 Nm, and rated speed of 4000 rpm. In BLDC motors, cogging torque is generated by a permanent magnet, flux barrier, and stator slot structure, which causes vibration and noise. Therefore, in this study, to minimize the cogging torque of the conceptually designed motor, five major design variables were set as shown in Figure 6 . The iterative design process of the proposed Taguchi method modification is as follows.
(1) Define noise factors caused by control factors and design variable uncertainties.
(2) Configure experimental combinations according to an orthogonal array table and perform experiments. (3) Calculate the SNR to which the penalty function is added considering the constraint condition. (4) Determine the optimal experimental combination based on the design factor levels estimated through analysis of variance. (5) If the SNR does not converge to the set value, repeat steps (2) through (4) using the new levels identified in the optimal level search. (6) When the SNR converges to the set value, the design process is complete.
To verify the feasibility of the proposed RDO, the method was applied to the BLDC motor described in Table 1 , which drives an EOP with a rated output of 150 W, rated torque of 0.358 Nm, and rated speed of 4000 rpm. In BLDC motors, cogging torque is generated by a permanent magnet, flux barrier, and stator slot structure, which causes vibration and noise. Therefore, in this study, to minimize the cogging torque of the conceptually designed motor, five major design variables were set as shown in Figure 6 . Figure 6 . Cross-section of the BLDC motor and design variables. where X1 is the length of slot opening, X2 is the width of stator tooth, X3 is the position of permanent magnet from rotor outer diameter, X4 is the length of permanent magnet and X5 is the angle between permanent magnet and magnetic flux barrier. Figure 6 . Cross-section of the BLDC motor and design variables. where X 1 is the length of slot opening, X 2 is the width of stator tooth, X 3 is the position of permanent magnet from rotor outer diameter, X 4 is the length of permanent magnet and X 5 is the angle between permanent magnet and magnetic flux barrier. ANSYS Electromagnetics Suite 18.0, a commercial electromagnetic analysis tool based on finite element analysis, was used to simulate the experimental combinations of the Taguchi method. For comparison, the conventional DDO and the proposed RDO techniques were each applied to the motor cogging torque reduction design.
DDO Process
The maximum cogging torque of the BLDC motor to be designed is defined as an objective function f. In this case, the objective function, given by Equation (5), is minimized by considering the following two performance constraints: C 1 , whereby the rated torque of an optimized motor shall be greater than 0.358 Nm, and C 2 , whereby the cogging torque of the optimized motor should be less than 24.85% of the torque ripple of the conventional motor.
Minimize f (X)
Here, T rated is the rated torque; T max and T min are the maximum and minimum torque ripple, respectively; X L and X U are the set lower and upper limits of each design variable, the values of which are shown in Table 3 . The optimal solution of the design problem given by Equation (5), excluding the fluctuation of design variables due to uncertainty, was explored by applying sequential quadratic programming. 
RDO Definition
To formulate the RDO problem using the proposed method, the penalty function P(X) was constructed using the average torque C 1 and the torque ripple C 2 , which were the Equation (5) constraints, and a new performance value was defined, as shown in Equation (6) .
Here, T cog is the cogging torque, and the value of the weight W p of the penalty function is set to 1. When an experimental combination violated a constraint, the penalty function increased the performance value such that it was excluded from the optimal combination selection. All design Energies 2019, 12, 153 9 of 14 factors were assigned three levels, and experimental combinations were constructed using an L18 (3 5 ) orthogonal array of five factors with three levels each, without considering alternation. The variation of the objective function caused by a tolerance of ±0.1 was calculated through analysis of variance by setting the uncertainty caused by the manufacturing tolerance of a design factor as a noise factor. Figure 7 compares the shapes derived from the DDO and the proposed RDO methods, based on the design parameter values of the conventional model. The optimal design models provided by both methods had the same stator and rotor dimensions, winding specifications and permanent magnet amounts as the conventional model. of the objective function caused by a tolerance of ±0.1 was calculated through analysis of variance by setting the uncertainty caused by the manufacturing tolerance of a design factor as a noise factor. Figure 7 compares the shapes derived from the DDO and the proposed RDO methods, based on the design parameter values of the conventional model. The optimal design models provided by both methods had the same stator and rotor dimensions, winding specifications and permanent magnet amounts as the conventional model. Figure 8 shows the characteristics of the cogging torque. One cycle of the cogging torque had a mechanical angle of 20 degrees per motor revolution, based on the least common multiple of 18 of the nine slots and six poles. The cogging torque characteristics represent the difference between the maximum and minimum values, which were 0.037, 0.019, and 0.011 Nm according to the conventional, DDO, and proposed RDO models, respectively. These results confirmed analytically that the value of cogging torque decreases with optimization, which was attributed to the reduced magnetic reluctance in the air gap between the BLDC's stator and rotor due to their optimized shapes. Figure 8 shows the characteristics of the cogging torque. One cycle of the cogging torque had a mechanical angle of 20 degrees per motor revolution, based on the least common multiple of 18 of the nine slots and six poles. The cogging torque characteristics represent the difference between the maximum and minimum values, which were 0.037, 0.019, and 0.011 Nm according to the conventional, DDO, and proposed RDO models, respectively. These results confirmed analytically that the value of cogging torque decreases with optimization, which was attributed to the reduced magnetic reluctance in the air gap between the BLDC's stator and rotor due to their optimized shapes. Figure 9 compares the characteristics of the torque ripple, which was 0.087, 0.052, and 0.017 Nm according to the conventional, DDO, and proposed RDO models, respectively. These results confirmed that the proposed RDO method reduces the torque ripple characteristic compared to the conventional and DDO models. Table 4 compares the design values derived from the DDO and proposed RDO methods, based on the design parameter values of the conventional model. When tolerances of ±0.1 were included in the design parameters, the cogging torque (Tcog), torque ripple (Tripple), and standard deviation of the maximum cogging torque (σcog) appeared in each of the three motor designs. Both the DDO and proposed RDO results satisfied the constraints on rated torque and torque ripple. Table 4 also shows the number of iterations and simulations that the DDO and proposed RDO methods required to derive the optimal design values for the BLDC motor. Figure 9 compares the characteristics of the torque ripple, which was 0.087, 0.052, and 0.017 Nm according to the conventional, DDO, and proposed RDO models, respectively. These results confirmed that the proposed RDO method reduces the torque ripple characteristic compared to the conventional and DDO models. Figure 9 compares the characteristics of the torque ripple, which was 0.087, 0.052, and 0.017 Nm according to the conventional, DDO, and proposed RDO models, respectively. These results confirmed that the proposed RDO method reduces the torque ripple characteristic compared to the conventional and DDO models. Table 4 compares the design values derived from the DDO and proposed RDO methods, based on the design parameter values of the conventional model. When tolerances of ±0.1 were included in the design parameters, the cogging torque (Tcog), torque ripple (Tripple), and standard deviation of the maximum cogging torque (σcog) appeared in each of the three motor designs. Both the DDO and proposed RDO results satisfied the constraints on rated torque and torque ripple. Table 4 also shows the number of iterations and simulations that the DDO and proposed RDO methods required to derive the optimal design values for the BLDC motor. Table 4 compares the design values derived from the DDO and proposed RDO methods, based on the design parameter values of the conventional model. When tolerances of ±0.1 were included in the design parameters, the cogging torque (T cog ), torque ripple (T ripple ), and standard deviation of the maximum cogging torque (σ cog ) appeared in each of the three motor designs. Both the DDO and proposed RDO results satisfied the constraints on rated torque and torque ripple. Table 4 also shows the number of iterations and simulations that the DDO and proposed RDO methods required to derive the optimal design values for the BLDC motor. 
Verification
Simulation Results
Verification
Simulation Results
Experimental Results
To verify the proposed RDO method, a prototype of the optimal BLDC motor was fabricated. The prototype BLDC motor assembly, stator, and rotor are shown in Figure 10 . The stator had a split core structure to increase the winding fill factor in the slot. The rotor used NdFeB magnets rated at N42EH with high output density and excellent high-temperature demagnetization characteristics, in consideration of the environment in which the EOP would be mounted on the vehicle.
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To measure the performance of the BLDC motors thus designed, a motor dynamometer test environment was constructed as shown in Figure 11 . Figure 12 shows the experimentally determined cogging torque characteristics. The experimental results showed that the cogging torque characteristics were 0.071, 0.046, and 0.014 Nm for the conventional, DDO, and proposed RDO models, respectively. The experimental characteristics of the cogging torque were consistent with the decreasing tendency of the analytical results, despite some value differences due to the inertia of the test apparatus. In particular, the characteristics of the model identified by the proposed RDO method were clearly the most reduced. The BLDC motor performance was tested using the conventional, DDO, and proposed RDO models, and the results are shown in Figure 13 . The BLDC motor performance was tested using the conventional, DDO, and proposed RDO models, and the results are shown in Figure 13 . The measurement targets were speed and rated efficiency in response to increased load. The input voltage was 13.5 V DC. To compare the operating characteristics, the BLDC motor was started at a no-load speed of 6000 rpm and the load torque was continuously increased during the experiment. The experimental results showed that the rated efficiency of the conventional model was 69.0%, that of the DDO model was 70.7%, and that of the RDO model was 71.0%, under the rated operating conditions (rotational speed of 4000 rpm and output of 150 W). The rated efficiency of the test results of the conventional model was reduced by approximately 1.0% compared to the analysis results because the long lead wire used in the experiment increased the terminal resistance, and the magnitude of the resistance can have a large effect on the terminal voltage. The voltage dropped as the terminal resistance increased, and the copper loss was increased, resulting in a difference in voltage and efficiency characteristics. These results show that the rated efficiency of the proposed RDO model exceeds that of the conventional and DDO models. Table 5 summarizes the simulation and experimental results from each model. The measurement targets were speed and rated efficiency in response to increased load. The input voltage was 13.5 V DC. To compare the operating characteristics, the BLDC motor was started at a no-load speed of 6000 rpm and the load torque was continuously increased during the experiment. The experimental results showed that the rated efficiency of the conventional model was 69.0%, that of the DDO model was 70.7%, and that of the RDO model was 71.0%, under the rated operating conditions (rotational speed of 4000 rpm and output of 150 W). The rated efficiency of the test results of the conventional model was reduced by approximately 1.0% compared to the analysis results because the long lead wire used in the experiment increased the terminal resistance, and the magnitude of the resistance can have a large effect on the terminal voltage. The voltage dropped as the terminal resistance increased, and the copper loss was increased, resulting in a difference in voltage and efficiency characteristics. These results show that the rated efficiency of the proposed RDO model exceeds that of the conventional and DDO models. Table 5 summarizes the simulation and experimental results from each model. 
Conclusions
In this paper, we optimized the torque characteristics of a BLDC motor used in an EOP system. The design domain was set to have a normal distribution, and an orthogonal array table was applied to minimize the analysis in the design domain. To address inequality constraints, Taguchi proposed a penalty function method for the limited optimization problem, whereby the optimal level is determined from experimental results and parameter levels are changed accordingly. In this study, this constraint was applied to the design method by adding a penalty function associated with the constraint to the loss function and adjusting the parameter level intervals by applying an optimal level search method. Based on the performance of existing BLDC motors used in EOPs, we compared the DDO and RDO results by performing finite element analysis and experimental dynamometer testing. With the proposed RDO method, the cogging torque is reduced to 19%, the fluctuation of torque ripple is reduced to 35%, and the rated efficiency characteristic is improved by 2% compared with the conventional model. The proposed RDO improved the Taguchi method and was shown to be robust in comparison with DDO, although the number of iterations required was large. The cumulative results confirm that the proposed RDO algorithm improves the cogging torque, torque ripple, and rating efficiency characteristics of BLDC motors and is expected to improve the flow control stability when implemented in an EOP system in a test vehicle in the future. 
